Abstract: Hydrogeology has traditionally been regarded as the province of the water industry, but it is increasingly finding novel applications in the energy sector. Hydrogeology has a longstanding role in geothermal energy exploration and management. Although aquifer management methods can be directly applied to most high-enthalpy geothermal reservoirs, hydrogeochemical inference techniques differ somewhat owing to peculiarities of high-temperature processes. Hydrogeological involvement in the development of ground-coupled heating and cooling systems using heat pumps has led to the emergence of the sub-discipline now known as thermogeology. The patterns of groundwater flow and heat transport are closely analogous and can thus be analysed using very similar techniques. Without resort to heat pumps, groundwater is increasingly being pumped to provide cooling for large buildings; the renewability of such systems relies on accurate prediction and management of thermal breakthrough from reinjection to production boreholes. Hydrogeological analysis can contribute to quantification of accidental carbon emissions arising from disturbance of groundwater-fed peatland ecosystems during wind farm construction. Beyond renewables, key applications of hydrogeology are to be found in the nuclear sector, and in the sunrise industries of unconventional gas and carbon capture and storage, with high temperatures attained during underground coal gasification requiring geothermal technology transfer.
The water industry was the birthplace of the discipline of hydrogeology, with many of the pioneering aquifer analysis techniques, such as those devised by Jack Ineson (e.g. Ineson 1959 ; see also Downing & Gray 2004) , being developed to quantify the reliable yields of boreholes used for public water supplies. Understandably, therefore, hydrogeology was traditionally regarded as virtually the sole province of the water industry. Nevertheless, in recent decades hydrogeologists have found their skills in high demand in other sectors, notably in waste management (e.g. Stuart & Hitchman 1986; Foley et al. 2012) , contaminated land remediation (e.g. Rivett et al. 2012) and mining (e.g. Younger & Robins 2002) . Comparatively little consideration has yet been given to the role of hydrogeology in the energy sector, and especially the contribution it can make to the minimization of greenhouse gas emissions in pursuit of a genuinely low-carbon economy. A flurry of hydrogeological activity in the area of radioactive waste disposal in the late 20th century (e.g. Heathcote & Michie 2004; Birkinshaw et al. 2005 ) has only recently been followed in the UK by a renaissance of similar work. A thematic set of papers in this journal recently considered the role of hydrogeology in heat engineering (Buss 2009 ), but there has been no synthesis yet of the wider role of hydrogeology in the energy sector. This paper is intended to provide the first such synthesis, and in particular to provide some pointers to the substantial further scope for transfer of hydrogeological skills to address novel challenges in the emerging 'low-carbon economy'. The paper will first briefly consider the ambiguous role of hydrogeology in relation to the minimization of energy use in its traditional heartland, the water sector. It will then consider a well-known energy application of hydrogeology, in the exploration, development and management of mid-to high-enthalpy geothermal resources, and the more recent endeavours in transfer of hydrogeological skills, which has spawned the new sister sub-discipline of thermogeology (Banks , 2012 , considering both systems using heat pumps and those that use groundwater directly for cooling without resort to heat pumps.
Some niche applications of hydrogeology in renewable energy fields that at first might appear rather remote from groundwater science (such as wind farm developments) are then considered, before proceeding to consider non-renewables, including the well-established role of hydrogeology in the nuclear sector, and its emerging role in the development of unconventional gas and carbon capture and storage (CCS).
Hydrogeology and energy use in the water industry
The water industry is relatively energy intensive, owing to the power needed for pumping, and for various water and wastewater treatment processes. It has been estimated that these activities account for around 3% of total annual energy use in the USA (c. 56000 GWh; see Leiby & Burke 2011) and around 5% in the UK (c. 9000 GWh in the year WaterUK 2011) . Incentives to reduce the energy consumed per litre of water handled currently arise from two directions: (1) financial savings, as up to 80% of total water company costs are ascribable to energy purchase; (2) environmental responsibility, to reduce greenhouse gas emissions. To minimize net energy consumption and associated greenhouse gas emissions, the water industry is increasingly seeking to improve the efficiency of pumping and of certain treatment processes (especially forced aeration and sludge dewatering) and to generate renewable power within its own operations; for instance, by production of methane from organic sludges by anaerobic digestion and by inclusion of hydroelectric turbines in high-head water mains (Leiby & Burke 2011; WaterUK 2011) . Hydrogeology currently makes a mixed contribution to this initiative. Although some groundwater sources can be exploited without pumping (i.e. springs and overflowing wells ; Younger 2007a ), the vast majority of groundwater sources require sustained pumping. This is in contrast to many surface waters, which can be captured and distributed entirely under gravity. Try as they might, hydrogeologists will struggle to make much contribution to minimization of pumping, though skilful wellfield design to spread drawdowns should allow optimization of pumping head vis-à-vis the total number of wells in large groundwater schemes. Advances in pump technology itself can only ever deliver marginal efficiency gains, as the basic physics of raising a given mass of water to a certain height in a given period of time (see, for instance, Nalluri & Featherstone 2001) leads to an irreducible energy demand expressed by
where P is the power requirement (Watts), Q is the pumping rate (m 3 s −1 ), ρ is the mass density (kg m −3 ), g is acceleration due to gravity (i.e. 9.81 m s −2 ), △h is the head lift (i.e. how high the water is pumped) (m) and η is the combined mechanical efficiency of the pump and rising main (dimensionless, ≤1.0, where 1.0 corresponds to 100% efficient). For the range of head lifts and pumping rates relevant to borehole abstractions of groundwater, Figure 1 displays the resultant power demand in kW, calculated using equation (1) assuming 100% mechanical efficiency (η) of the pump and rising main. The values shown there represent the best that could ever be achieved by improving equipment efficiency; in reality, efficiencies of 100% will never be achieved and the actual power demands will be higher than those shown, as it is not feasible to eliminate all of the inefficiencies arising from friction losses in pipes and turbulent head losses in pumps and rising mains. It is sobering to contemplate Figure 1 when considering how far the energy use (and thus carbon footprint) of the water industry might be curtailed by 'efficiency gains': anything beyond marginal gains of efficiency will remain beyond reach as long as the need exists for pumping substantial quantities of water over considerable head lifts.
Once pumped to surface and moving in pipe networks, however, there is no reason why more could not be made of the thermal resource that all groundwaters represent: water destined for other uses can, in passing, be processed to extract its thermal energy, using the same methods that hydrogeologists versed in groundsource heat pump technology already apply to groundwater and soils, as outlined below. Extraction of heat from (or dumping it to) water that is destined for other purposes incurs only modest marginal costs and provides a cheap, low-carbon source of thermal energy, useful either for space heating or cooling for site buildings, or else for use in water treatment.
During aquifer storage and recovery operations, there may also be scope for recovery of at least some of the energy originally expended on pumping, using turbines mounted axially on falling mains; this notion has been recently explored quantitatively for the case of flooded former coal mine workings in northern Spain that contain near-potable quality water (Jardón et al. 2013) , and found to be both practically achievable and economically viable.
In contrast to its generally higher pumping needs, groundwater typically requires far less treatment than surface water: in many cases, this will amount to no more than precautionary contact-tank chlorination near the wellhead, in contrast to the intensive suspended solids removal and disinfection that most surface waters require (Binnie et al. 2002) . The overall best environmental and economic solution, reconciling the low-treatment advantages of groundwater with the lower pumping needs of many surface waters, will often lie in the judicious conjunctive use of surface waters and groundwaters. This concept had wide currency in the 1970s (e.g. Downing et al. 1974) but has been less fashionable in more recent decades. Perhaps the emergence of the contemporary energy-minimization imperative will finally breathe new life into this valuable concept.
The hydrogeology of mid-to highenthalpy geothermal resources
Hydrogeology has always had an important role in the exploration and development of deep geothermal resources (e.g. Armstead 1978; Downing & Gray 1986) . The term 'deep geothermal' has recently come into use (Younger et al. 2012) to differentiate high-temperature resources, which can be exploited without resort to heat pumps, from lower temperature resources (such as shallow groundwaters and unsaturated soil), which can only usefully be exploited using heat pumps. Deep geothermal resources are not only valuable for various direct uses, such as space heating: at the high end of the temperature spectrum they can also be used for electricity generation. The term 'deep geothermal' is a little unsatisfactory, as many thermal springs can provide usable heat without resort to heat pumps; however, in most cases, temperatures high enough for such use are associated with deep aquifers accessed via equally deep boreholes. A more rigorous way of classifying geothermal resources than by depth or temperature is in terms of enthalpy, which in the geothermal context can be understood as the total thermal energy content of a fluid, manifest in both its temperature and pressure. However, the lexicon of geothermal resources does not yet benefit from a universally agreed classification on the basis of enthalpy (Dickson & Fanelli 2005) . Traditional literature on geothermal energy tended to distinguish only between 'low-enthalpy' and 'high-enthalpy' systems, with the notional division between the two usually taken to lie somewhere between 150 and 200 °C (usually neglecting to specify pressure, without which a definition of 'enthalpy' is in any case incomplete). As time has gone on, it has become evident that practical considerations favour a more refined Fig. 1 . The best that can ever be achieved in energy efficiency in pumping: the energy requirement in kilowatts for pumping over indicated total head lift at the specified pumping rates, assuming 100% pump efficiency and no head losses in rising mains. To obtain more realistic estimates of energy demand, the kilowatt value for a given head-pumping rate couplet should be divided by a more realistic combined pump-rising main efficiency (e.g. for an efficiency of 60% divide by 0.6).
classification of geothermal resources, into three, four or (most recently) five categories. Table 1 sets forth a contemporary classification of geothermal resources on the basis of their enthalpy, which most current practitioners would recognize.
The classification proffered in Table 1 has been shaped by practical considerations. For instance, 'very low-enthalpy' resources (i.e. less than c. 50 °C at atmospheric pressure) cannot even be used economically for space heating without at least some artificial manipulation of their thermal energy using heat pumps. Lowenthalpy resources (c. 85 °C or less) can be used directly for heating, etc., but are still not warm enough (given current levels of technology) to cost-effectively generate significant amounts of electricity. With binary cycle power plants, such as those using the Organic Rankine Cycle (Dickson & Fanelli 2005) or the Kalina Cycle (Kalina et al. 1995) , it is now possible to economically generate appreciable electricity from water with temperatures >85 °C, albeit the economic viability is enhanced considerably for resources with temperatures of 120 °C or more. Binary power plants are the most efficient solution for resources with temperatures up to as much as 150 °C, though above that threshold, steam flash cycles can usually operate turbines directly with impressive efficiencies (Garnish & Brown 2012; DiPippo 2012) , albeit with considerably greater atmospheric emissions than binary plants. At higher temperatures and pressures, geothermal fluids can even be amenable to being flashed twice in succession. Eventually, at the very highest categories of temperature and pressure there are the supercritical resources, which currently remain in the realms of research (e.g. Fridleifsson & Elders 2005) . If the considerable hydrogeological and engineering challenges associated with drilling into supercritical reservoirs can be overcome, the rewards are potentially enormous, with projected well yields an order of magnitude greater than those achieved from high-enthalpy reservoirs using flash processes.
Although the temperatures listed against the high-enthalpy and supercritical categories in Table 1 far exceed the familiar 100 °C boiling point of water at atmospheric pressure, the in situ pressures are usually sufficient to ensure that groundwater within the reservoirs remains largely in the liquid form. Indeed, even in very highenthalpy geothermal fields, so-called 'dry steam' resources are rare, with only four such fields currently being exploited commercially around the world (at Larderello in Italy, in The Geysers field of California and two fields in Java: Darajat and Kamojang; DiPippo 2012). Although depressurization in the vicinity of production boreholes can lead to localized occurrence of two-phase flow conditions, for the most part flow within high-enthalpy reservoirs is in the familiar liquid form, and can thus be analysed accordingly using standard hydrogeological modelling techniques, albeit using intrinsic permeabilities rather than hydraulic conductivities, to take account of the temperature dependence of water viscosity and density (Fig. 2) .
Having attempted to categorize deep geothermal resources by enthalpy, it is apposite to ask whether the dividing lines are geologically meaningful. In broad terms, the high-enthalpy resources are restricted to volcanic regions, or regions of very active tectonics where heat flows are highly elevated. Mid-enthalpy systems can also be found in such regions, but are probably the only feasible resource in non-volcanic cratonic areas. This is certainly the case in, for instance, Australia, North America east of the Rocky Mountains, and all but the Mediterranean region of Europe. Although mid-enthalpy resources could in principle be found almost anywhere in these regions at great depth (>5 km), the earliest systems are being developed in areas with elevated crustal heat flow, typically above 90 μW m −2 . Such values are found in an encouragingly wide range of settings in the UK (Busby et al. 2011) , for instance, and since the 1970s (Armstead 1978) potential prospects have been identified both in deep sedimentary aquifers and in areas of radiothermal granite (Downing & Gray 1986) . The story of attempts to develop these resources in the UK to date has been expounded in detail by Younger et al. (2012) . Though often dismissed as unsuccessful, the well-known 'hot dry rock' (HDR) experiments in Cornwall in the 1970s and 1980s, which involved development of fracture stimulation techniques to create reservoir zones in granite of originally low permeability, actually led directly to successful applications of the concept in mainland Europe (where the technique is now termed EGS, standing for 'enhanced' or 'engineered' geothermal systems; Garnish & Brown 2012). Kestin et al. (1978) .
Only in the last few years have two companies begun to promote commercial implementation of the concept back in Cornwall. Although the original HDR/EGS concept took a pessimistic view of natural permeability in granite, developments within the last decade in the buried Weardale Granite of northern England have shown that it is possible to encounter significant natural permeability at depth in granite, thus eliminating (or at least minimizing) any need for artificial stimulation of fractures. (This latter development is ever more welcome in these days of hysterical 'anti-fracking' protests elsewhere in the UK; not that there really is anything much to be feared from fracture stimulation in deep granite (or indeed in shale; Mair et al. 2012) , but it will certainly be easier to develop projects that do not require police protection for the workforce.) The rationale for exploring for high natural permeability in deep granite was explained by Manning et al. (2007) , who also described the successful drilling of what is now called the Eastgate No. 1 Borehole. The proving of extremely high permeability in fracture zones intersected by this borehole was described in detail by Younger & Manning (2010) . Subsequent work has revealed that the permeability is associated with Tertiary strike-slip reactivation of a pre-Permian fault. As other such faults are known in many parts of the UK, the search is now on for other potential zones of high permeability in areas with elevated heat flow. The second such site to be drilled was in central Newcastle upon Tyne, where 300 m of a deep sedimentary aquifer (the Fell Sandstones) were proved, together with a steep geothermal gradient of 36 °C km −1 , and a temperature at the aquifer base (at 1772 m) of 73 °C (Younger 2013) . Subsequent work in the same region by Cluff Geothermal Ltd has focused on identifying permeability 'sweet spots' in the Fell Sandstones by means of detailed analysis of reprocessed seismic data that reveal details of fault architecture. The hydrogeological principle in such exploration is to find faults that strike within ±30° of the present-day principal axis of compressive stress in the region (Heidbach et al. 2008) , as these are most likely to be undergoing natural Coulomb shear failure, and thus to display open apertures capable of yielding significant quantities of groundwater (Olsson & Barton 2001) . The same principle emerges in other fields of low-carbon hydrogeology, such as radioactive waste disposal and unconventional gas (see below).
Thermal effects in deep geothermal borehole hydraulics
It is precisely the temperature dependencies that mean that well hydraulics in high-enthalpy settings is rather at odds with the expectations of hydrogeologists brought up on the (often tacit) assumption that the systems they analyse are essentially isothermal. Striking buoyancy imbalances can readily arise during pumping of boreholes that were thermally stratified while at rest before pumping. In high-enthalpy systems, after completion of a borehole it is customary to allow a period of shut-in (total or partial) of the wellhead valves to allow the borehole to 'heat'; that is, the displacement of any water or vapour affected by cooling at surface or near-surface ambient temperatures by far more buoyant mixtures of steam and hot water derived from deep-seated reservoir groundwaters. Once 'heated', the borehole will typically yield wet steam without any need for pumping (Grant & Bixley 2011) .
Even in mid-and low-enthalpy systems, non-isothermal conditions can lead to significant buoyancy effects. For instance, during test-pumping of the Eastgate No. 1 geothermal exploration borehole in Weardale in 2006 (Younger & Manning 2010) , the immediate response of the borehole to pumping was a 50 cm rise in water levels, which persisted for some 12 h before water levels finally began to decline. This phenomenon, informally termed 'draw-up', can be explained as follows.
(1) The water in the borehole came only from the radiothermal Weardale Granite, which in this borehole is encountered only at depths greater than 273 m, beneath Carboniferous sedimentary cover. The Carboniferous cover and the uppermost 130 m of the granite were cased-off and cemented so that only deeper granite-sourced waters could enter the casing. These proved to have a rest water level about 11 m below ground surface.
(2) The bottom-hole temperature in the borehole (at 995 m) was 46 °C, and during the late stages of borehole completion and development, brine was being produced at surface at temperatures that fluctuated up to this maximum value.
(3) Thus when the borehole was left to rest it originally contained brine with a temperature ranging from 27 to 46 °C.
(4) After a period of rest that amounted to 18 months, the brine in the uppermost parts of the borehole had been chilled by thermal conduction through the casing, so that it had thermally equilibrated with surrounding fresh groundwater in the Carboniferous (which here includes several karstified limestones with vigorous groundwater flow) to a temperature of around 10 °C.
(5) Thus before test pumping commenced, the uppermost reaches of the borehole contained brine that was up to 0.7% more dense, but up to 120% more viscous, than the water in the lowermost reaches (see Fig. 2 ). This denser, more viscous upper water effectively played the role of an artificial 'slug' in a conventional slug test, forming a 'stopper' above the warmer, less viscous and less dense water below.
(6) When pumping removed the chilled uppermost waters from the borehole, the more buoyant deep waters then surged upwards, causing the observed increase in head of 0.5 m.
Although density and viscosity also vary with salinity (Kwak et al. 2005) , it should be noted that in this case the salinity was essentially constant over depth, as all of the water in the borehole was ultimately sourced from the granite at depth. Nevertheless, the interaction of thermal, saline and gravitational influences means that the interpretation of groundwater heads in such systems needs to be pursued with particular care (see Post & von Asmuth 2013) .
Hydrogeochemistry of high-enthalpy geothermal systems
The use of hydrochemical evidence to reconstruct groundwater flow paths and infer hydrostratigraphy has a long and successful pedigree (e.g. Hem 1985; Lloyd & Heathcote 1985; Appelo & Postma 1993) . As in most hydrogeological settings, much can be learned about the provenance and development of geothermal fluids by examining the evolution of relative proportions of the major ions, both the cations (especially Ca 2+ , Mg 2+ , Na + , and K + ) and anions (especially Cl − and SO 4 2− , and, to a lesser extent in geothermal systems, HCO 3 − ). Also as in mainstream hydrogeology applications, ternary diagrams expressing the relative proportions of these major solutes are widely used in geothermal studies (e.g. Ármannsson 2010 ). The ternary anion and cation plots shown in Figure 3 were originated by the late Professor Werner F. Giggenbach, who successfully pioneered the application of quantitative geochemistry to the study of fluids (waters and gases) associated with volcanoes, hot springs and geothermal wells, first in New Zealand (Giggenbach et al. 1983; Giggenbach 1986 Giggenbach , 1988 , and then worldwide (e.g. Giggenbach 1997) . At first glance, the plots of Figure 3a and b resemble the lower triangular plots of a standard Piper diagram (Piper 1944) , which is very familiar to most hydrogeologists (e.g. Lloyd & Heathcote 1985; Appelo & Postma 1993; Younger 2007a) . However, the similarities are superficial, and it is important not to be misled by them. For a start, the proportions of the ions represented in Figure 3 are not based on percentages of milliequivalents per litre (which is the convention for Piper diagrams, and for most other common hydrogeochemical graphing tools; Lloyd & Heathcote 1985) ; rather, they are calculated directly from the analytical concentrations in mg kg −1 (= ppm). The anion plot ( Fig. 3a; see Giggenbach et al. 1983 ) is based simply on percentages of the total analytical concentrations of the three anions. It is used to make preliminary identifications of possible affinities of waters found in high-enthalpy geothermal settings (see Ellis & Mahon 1977) , in particular the following (Fig. 3a) :
(1) Acidic sulphate waters, typically associated with fumaroles and hot springs high on the flanks of volcanoes, which owe their composition primarily to the dissolution of volcanic gases in young meteoric water infiltrating the eruptive edifice. The high sulphate is due to dissolution of gaseous H 2 S, which then oxidizes to SO 4 2− (Ellis & Mahon 1977) . The lack of chloride reflects its low volatility, which means it remains in solution deep underground when the sulphurous vapours that go to form these acidic sulphate waters evaporate in the first place. The other solutes in acidic sulphate waters tend to reflect dissolution of the more labile components from fresh volcanic rocks in the immediate vicinity of hot springs (Marini 2010) , and are thus of limited value in understanding the deeper hydrothermal 'plumbing system'.
(2) Neutral chloride waters, in which the predominant cations are typically Na + and K + , and which are typical of the deeper reaches of hydrothermal circulation systems, where high-temperature rockwater interactions yield the elevated dissolved loads. These waters are typical of hot springs more distal from the active eruptive centres of volcanoes, and typically represent the 'cropping out' of largescale convective cells. Identification of such waters in springs during regional reconnaissance surveys is often the first step in recognizing the presence of a viable geothermal reservoir at depth (e.g. Ellis & Mahon 1977; Marini 2010; Ármannsson 2010; Younger 2010) .
(3) Bicarbonate (HCO 3 − ) dominated waters, which tend to be shallow groundwaters that have been heated by steam and other volcanic gases; indeed, the bicarbonate is often inferred to be sourced from dissolution of volcanogenic CO 2(g) (and similarly for sulphate derived from gaseous H 2 S). In these waters, sodium often remains as the dominant cation, owing to selective removal of Ca 2+ by precipitation as a carbonate at high temperatures. In settings more distal from the volcanic heat source, bicarbonate waters may simply be conductively heated groundwaters of more mundane origins (e.g. infiltration into sedimentary aquifers), which are regarded as peripheral to the geothermal basin per se. Such waters can also mix with the other types to produce mixtures of hybrid composition; this also tends to account for occasional acidic chloride or sulphate waters (Ellis & Mahon 1977) .
The cation plot ( Fig. 3b ; see Giggenbach 1986 Giggenbach , 1988 ) considers only Na + , K + and Mg 2+ . This is an important difference from the cation triangle of Piper diagrams, in which Ca 2+ features strongly: although Ca 2+ is often the predominant cation in many cool, shallow groundwaters, it is less frequently dominant in deep geothermal waters, partly because of the low solubility of CaCO 3 in hot waters, which often results in low Ca 2+ concentrations, and also because rock-water interactions involving Ca 2+ are highly dependent on dissolved CO 2 concentrations, which means that ratios of Ca 2+ to other major cations are generally more equivocal about equilibration temperatures than is the case for mutual ratios between Na + , K + and Mg 2+ (Giggenbach 1988) . In devising the cation plot shown in Figure 3b , therefore, Giggenbach (1986 Giggenbach ( , 1988 was particularly seeking a graphical display tool that would directly reveal information about the equilibration temperature of a given well or spring water. This is important, as in many field settings this will provide direct evidence of groundwater temperatures at as-yet undrilled depths; a clear boon when considering possible exploratory drilling. As Giggenbach (1988) himself commented: 'Na, K [and] Mg … contents of thermal waters in full equilibrium with a thermodynamically stable mineral system derived through isochemical recrystallization of an average crustal rock are, at a given temperature and salinity, uniquely fixed. Together with the compositions of waters resulting from isochemical rock dissolution, they provide valuable references for the assessment of the degree of attainment of fluidrock equilibrium.' It is with this in mind that the two sets of isothermal lines are plotted in Figure 3b : those originating in the Mg ½ apex of the diagram define equilibration temperatures corresponding to the ratios of K to Na indicated (which are therefore labelled as Giggenbach et al. 1983) . (b) Cation trilinear plot, based on the relative proportions of the three quantities shown, which are derived from the ppm concentrations by division (by 100 for K + ; by 1000 for Na + ) or taking the square-root (for Mg 2+ ). The blue divisional lines approximately delineate various categories of water. The two sets of diagonal lines are isotherms (in units of °C) defined by equilibrium water-mineral interactions for K + and Na + (temp K-Na ) in the case of the set of lines commencing at the Mg apex, and by water-mineral interactions for K + and Mg 2+ (temp K-Mg ) in the case of the set of lines commencing at the Na apex.
'temp K-Na ' where they intersect the left-hand edge of the triangle). Similarly, the isothermal lines originating in the Na/1000 apex give temperatures of equilibration corresponding to the indicated ratios of K to Mg (and thus labelled as temp K-Mg ). Fully mature waters are defined by the intersection points of the two sets of isothermal lines: above the line joining those intersections, equilibration with both the K-and Na-bearing feldspars and various important clay and clay-like minerals is assured; below that line, only selective equilibration is indicated, with equilibrium being reached with Mg-bearing minerals such as chlorite and illite, but not with the feldspars. The least evolved waters of all, which have not yet reached equilibrium with many minerals, tend to plot along the base of the triangle (marked as 'immature waters'). The power of Figure 3b is that, as long as the chemistry of a given water has remained aloof from mixing with other waters during its transport to a given well or spring, the temperature of equilibration can be uniquely defined by plotting in terms of its Na + , K + and Mg 2+ concentrations alone. This is a powerful geothermal exploration tool.
Besides consideration of major anions and cations, the nuances of rock-water interaction at high temperature mean that geothermal investigations often make substantial use of solutes that are only rarely used in other groundwater investigations. Chief amongst these is dissolved silica (SiO 2°) . In the geochemistry of shallow, cool groundwaters, the silica content tends to reflect incongruent dissolution of aluminosilicate minerals, perhaps tempered by precipitation of modest quantities of cryptocrystalline silica phases, often resulting in dissolved concentrations clustered around about 10 ppm. For this reason, with a few honourable exceptions (e.g. Haines & Lloyd 1985) , many hydrogeologists ignore dissolved silica concentrations, and often even neglect to have their samples analysed for them. Things could scarcely be more different when it comes to deep geothermal waters, where it is necessary to quickly unlearn the notion that quartz is essentially insoluble. In fact, the equilibrium solubility of quartz at 150 °C (c. 100 ppm) is about 20 times greater than it is at 10 °C (see Fournier & Potter 1982; Marini 2010) . Indeed, where water samples can be collected, fixed and analysed sufficiently rapidly, dissolved silica can be a powerful geothermometric indicator (e.g. Fournier & Potter 1982) . Quartz is only one of a range of solid SiO 2 phases that can control dissolved silica concentrations by dissolution or precipitation. For instance, at temperatures in excess of about 180 °C, equilibrium with quartz tends to control dissolved concentrations, whereas at lower temperatures, and certainly below about 110 °C, chalcedony equilibrium is often found to be the predominant control (Ellis & Mahon 1977) . At lower temperatures still, as water falls below atmospheric boiling point, first cristobalite and finally amorphous silica tend to be the predominant forms of SiO 2 to display equilibrium with the dissolved load. Given the array of solid forms precipitating across a wide temperature range, precipitates of silica are commonly formed from the waters produced by high-enthalpy geothermal wells (Fig. 4) , and prevention of clogging of well casings and surface steam-water separation facilities is a frequent maintenance challenge in such settings. The use of chemical scale removal methods (such as injecting sodium hydroxide at high pressure) has met with only limited success, and in severe cases physical removal by means of reaming tends to be required.
High temperatures also mobilize other metals at dissolved concentrations far exceeding those typically found in shallow fresh groundwaters. Thus to the usual major ions analytical suite of the hydrogeologist (i.e. Ca 2+ , Mg 2+ , Na + , K + , SO 4 2− , Cl − and alkalinity) the geothermal investigator routinely adds Li + , B 3+ and F -, as well as the uncharged species NH 3 , and, of course, SiO 2 (Marini 2010) . Depending on the geological setting and the purposes of the particular investigation, further solutes are also commonly added to the suite, including Al (total, trivalent ion and monomeric), H 2 S (aq) , Rb + , Cs + , Br -, As 3+ /As 5+ , Ba 2+ , Hg (aq) , Au + , Ag + , Zn 2+ and Pb 2+ . The latter six analytes are familiar to anyone who has worked on the geology of hydrothermal ore deposits, and indeed many geothermal systems are but the distal, upper reaches of hydrothermal convection systems. Thus it is not surprising that some of the more exotic scales precipitating in geothermal wells include sphalerite, galena and even electrum (a natural alloy of gold and silver), which is a notable component of scales forming in surface pipework at the Berlín Geothermal Field in El Salvador (Raymond et al. 2005) .
As regards the other analytes, the alkali metals Li + , Rb + and Cs + resemble the predominant members of the same group, Na + and K + , and in general behave similarly to them (Hem 1985) . However, unlike Na + and K + , none of them form particularly low-solubility precipitates at temperatures of relevance to geothermal production, and thus tend to behave rather conservatively once in solution (rather like Cl − , Br − and B 3+ ), with their concentrations usually being significantly affected only by dilution or steam formation (Ellis & Mahon 1977; Marini 2010) . As such, they can be a useful index of high-temperature origin of a water, and (by comparison with other solutes) sentinels to subsequent steam formation. Boron is even less affected by mineral precipitation reactions than the alkali metals, and where steam formation occurs it tends to be strongly partitioned into the gaseous phase, to an extent that increases with temperature (Tonani 1970) . Given that Cl does not partition strongly into steam, elevated B/Cl ratios can be good indications of subsurface formation, migration and condensation of steam (Ármannsson 2010; Younger 2010) . For instance, on the Caribbean island of Montserrat, elevated boron concentrations in an alkali chloride spring water were taken to indicate condensation of steam into the rising water (Younger 2010) . These findings led to exploratory drilling, which in May 2013 was rewarded with intersection of a high-enthalpy geothermal reservoir (at an estimated temperature of 250 °C) at a depth 2142 m depth (Richter 2013) , in the very location originally identified by Younger (2010) on the basis of a surface hydrogeological reconnaissance.
A frequent issue in volcanic regions is whether gases are indeed due to 'flashing' of meteoric groundwater to steam, or else magmatic, or a mixture of the two. Fluoride is widespread in known magmatic gases; indeed, HF is a notable hazard in those gases emanating from magmatic sources. Elevated fluoride in a geothermal water may thus be a crude indicator of a possible magmatic component, helping to short-list those water sources that might be subjected to (more expensive) confirmatory analysis for unequivocal magmatic signatures, such as elevated 3 He contents (e.g. Tedesco et al. 1995; Kennedy & van Soest 2012) . Application of such techniques frequently leads to hydrogeological surprises. For instance, the Italian National Institute for Geophysics and Volcanology routinely sample gases and waters on and around Mount Etna as part of the volcanic hazard early warning system; it transpires that the samples that consistently show the clearest deep mantle signatures are not those from fumaroles in the actively erupting summit crater area, but rather those from humble monitoring wells some 30 km to the south, in unprepossessing alluvial plains near Paternò (Paonita et al. 2012) .
From this brief overview, it is hopefully clear that hydrogeologists entering the world of deep geothermal energy need to pay lots of attention to hydrogeochemistry, as an indispensable tool in unravelling processes occurring far below the reach of even our deepest boreholes. In much shallower systems, as we shall now see, the challenges are rather more prosaic.
The hydrogeology of very lowenthalpy systems: thermogeology

Ground-coupled heat-pump systems for heating and cooling
Recent years have witnessed a veritable boom of hydrogeological involvement in the development of ground-coupled heat-pump based systems providing space heating and/or cooling systems, so much so that the term 'thermogeology' has recently been coined to describe this nascent daughter discipline ). The close analogy between groundwater flow and thermal convection means that analytical methods for heat flow are immediately familiar to numerate hydrogeologists (Banks 2012) . Descriptions of groundsource heating and cooling systems, and in particular their closedloop and open-loop variants, are readily available in the literature (e.g. Banks , 2012 Younger 2008 , amongst many others) and are therefore not reproduced here. Such systems have a number of generic advantages over many other renewable energy systems. First, once installed they are usually utterly inconspicuous, unlike roof-mounted solar panels and wind turbines. Second, in comparison with the principal competitor technology for low-carbon heat (i.e. biomass combustion) ground-source heating and cooling systems are emissions-free at the point of use. Depending on the source of electricity used to operate the borehole pumps and heat pumps, ground-source heat pump (GSHP) heating and cooling systems might well be emissions free in absolute terms. However, their overall renewability depends on whether the electricity they consume was itself generated renewably: the heat removed from the subsurface typically accounts for more than two-thirds of the thermal energy supplied to a building, so that proportion at least of the rated capacity should always be renewable, provided the subsurface source itself is sustainably managed. However, a third of the energy supplied will typically be ascribable to the electricity consumed by the heat pump, which may or may not be renewable, depending on the electricity supply source used.
Given the high levels of thermal insulation demanded by modern building regulations, and the virtually ubiquitous presence in offices of potent heat sources in the form of the transformers in desktop computers, it is commonplace nowadays for many large commercial buildings to have virtually no formal heating requirement, even in winter, but rather to have year-round cooling needs. Many of the larger GSHP systems currently operative in central London fall into this category (Birks et al. 2013) . From a hydrogeological point of view, it would be preferable to develop systems that are seasonally balanced; that is, those in which a summer cooling demand is at least approximately balanced by a winter heating demand. In such balanced systems, aquifers essentially become inter-seasonal heat stores: warm water injected during the summer period of building cooling can be exploited for heating during the winter period.
To solely dump heat to aquifers all year round is asking a lot of the groundwater flow systems: they are being expected to assimilate and dissipate heat continually. In reality, the warm water 'bubble' within the saturated zone will typically expand over time until the temperature of groundwater pumped from the aquifer abstraction boreholes begins to rise, eventually reducing its value as a cooling resource. This 'thermal breakthrough' phenomenon is controlled primarily by the hydraulic characteristics of the aquifer in question and the distance (or spacing) between adjacent abstraction and injection boreholes. Well-established groundwater modelling tools, both analytical (e.g. Younger 2008 ) and numerical (e.g. Gandy et al. 2010; Herbert et al. 2013) , have been successfully used to assess how long it will take before thermal breakthrough occurs between injection and abstraction boreholes in a given aquifer setting. Examination of the range of possibilities for combinations of Chalk aquifer parameters (e.g. porosity c. 2%, natural groundwater velocity 1 mm day −1 and an active saturated thickness of around 50 m; for further discussion see Younger 2008 ) and wellspacings commonly encountered in such systems in London leads to the sobering conclusion that many such systems will only operate for a few years before thermal breakthrough begins to undermine their value (Fig. 5) . The onset of thermal breakthrough does not correspond to the time horizon for system failure, as it will still take a considerable while for the temperature of pumped water to fully converge on that of the reinjected water. Local variations in transmissivity and ambient piezometric surface gradient may also cause deviations from the idealized conditions that the model of Clyde et al. (1983) assumes (i.e. homogeneous transmissivity and an initially flat piezometric surface). The model also neglects conductive loss of heat to overlying or underlying strata, which in practice is likely to prolong the time to thermal breakthrough.
On the other hand, the analytical solution does not take into account the lower viscosity of warmer reinjected water (see Fig. 2 ) compared with cool native groundwater. For instance, a groundwater that has its temperature raised from 10 °C to 25 °C on passing through a heat pump supporting a building cooling system will (a) ( b) experience a decrease in absolute viscosity of around 32% (i.e. from 1307.0 to 890.2 μPa s; see Fig. 2 ). As hydraulic conductivity is inversely proportional to viscosity, all other things being equal, then a viscosity decrease of this magnitude would lead to thermal breakthrough occurring proportionately sooner than shown in Figure 5 . One important conclusion from an examination of Figure 5 is that the spacings attainable by installing abstraction and injection boreholes at the extremities of a single property in a densely populated urban area are unlikely to be compatible with long-term sustainability. Rather, it would be preferable for neighbouring land-owners to collaborate, with one hosting the abstraction boreholes for several properties and another hosting the reinjection boreholes, so that maximal spacings between the two might be achieved.
Groundwater cooling without heat pumps
The foregoing discussion has considered those groundwaterbased heating and cooling systems that incorporate heat pumps. In many circumstances, it will prove possible to achieve space cooling more efficiently, eliminating both the capital cost of a heat pump and the costs of electricity needed to run it, by directly passing cool groundwater through heat-exchangers to provide cooling load. This approach, which is termed 'groundwater cooling', is expanding swiftly in the UK at present, especially in London, where large-scale systems are already in use at large cultural venues, such as the Royal Festival Hall (Clarkson et al. 2009 ) and the Tate Modern art gallery (Birks et al. 2013) , as well as at Green Park underground station (Payne 2013) . Just as in heat-pump based systems, hydrogeological analysis is crucial to assessing just how sustainable such systems are, in relation to thermal breakthrough and allied issues. Where earlier systems in London all relied on using the confined Chalk aquifer, the recent development at the Tate Modern pioneered the use of the Thames Gravels (Quaternary), which are shallow, unconfined and apparently in good hydraulic continuity with the River Thames (Birks et al. 2013 ). All of these attributes favour the efficient dissipation of injected heat, by conductive and convective losses to the overlying unsaturated zone, and by vigorous mixing with surface waters, aided by tidal perturbation of groundwater levels and flow directions twice a day. The Thames Gravels thus have significantly greater potential for cooling-only applications than was appreciated prior to the work of Birks et al. (2013) .
Hydrogeology and closed-loop systems
The foregoing discussion has focused mainly on open-loop GSHP systems, in which hydrogeology has a clear role, as they involve pumping and reinjection of groundwater. In contrast, closed-loop GSHP systems circulate heat-exchange fluids (essentially anti-freeze) through closed circuits of piping suspended down boreholes (or else buried in coils in the soil), with no groundwater pumping and reinjection, and indeed no direct contact with the groundwater at all. On first inspection, therefore, there would appear to be little need for hydrogeology in closedloop GSHP design and operation. Indeed, many GSHP installers I have come across fervently recommend closed-loop rather than open-loop installations to developers, specifically because closed-loop can be 'done anywhere', allegedly with no need to worry about the geology at all. There are three problems with geologically blind closed-loop development, as follows.
(1) Cost. Because a closed-loop system typically involves far more drilling than an open-loop system, where a simple choice exists (i.e. there is a suitable aquifer with licensable abstraction capacity beneath the site), then above a system capacity of around 200 kW, the open-loop option will almost always prove far cheaper, given current drilling costs for both options (D. Birks, personal communication).
(2) The likelihood of significantly over-or under-sizing of the heat-exchange ground loops by designing always to a median value of the thermal conductivity of the ground, rather than directly determining how this varies with lithology and on-site stratigraphy (Banks 2012) . Whereas thermal conductivity varies over only about one order of magnitude (i.e. from about 0.3 to c. 3.5 W m −1 °C −1 ), compared with more than 13 orders of magnitude for hydraulic conductivity, the cost of additional boreholes is such that being out by a factor of two (let alone 10) can either impose injurious economic burdens on a project or lead to an under-sized system that cannot operate as desired.
(3) Failure to account adequately for dissipation of thermal energy rejected to the subsurface by advective-dispersive transport in groundwater (Chiasson et al. 2000) . There are two sides to this failure. On the one hand, it can lead to over-conservative assumptions being made about the capacity of the ground to absorb heat immediately below a property. On the other, it can lead to transfer of heated (or cooled) water beneath neighbouring properties, potentially hindering the scope for those neighbours to also use the subsurface as a heat source or sink.
As some of the consequences of the above problems come home to roost, it is likely that the demand for hydrogeological input to closed-loop GSHP system design will increase substantially.
In general, hydrochemical issues tend not to loom large in GSHP system analysis. This is partly because, where groundwater quality would prove problematic for open-loop GSHP operations, closedloop installations can neatly side-step the issue. However, there is at least one category of GSHP system where the benefits of using heat pumps are likely to be fully realized only by open-loop installations, and yet water quality is challenging: mine water heat-pump systems.
Mine water heat-pump systems
The UK Coal Authority recently stated that they 'have a number of [pollution prevention pumping] schemes across Britain that collectively pump 3000 l of mine water every second with a typical temperature of 15 °C, which potentially offers approaching Fig. 5 . Predicted time (in years) to the onset of thermal breakthrough between adjoining abstraction and reinjection boreholes serving a ground-source heat-pump building cooling system, expressed as a function of both installed system capacity (in kW) and borehole spacing (in metres) (after Younger 2007b) . The simulations were made using an analytical solution presented by Clyde et al. (1983) , assuming aquifer diffusivities and heat capacities typical of major confined Chalk and Triassic Sandstone aquifers in the UK (as explained by Younger 2008). 100 MW of heat energy if it can be harnessed through heat pump technology' (Coal Authority 2010). In recognizing this potential, the Coal Authority is echoing growing international experience, which has resulted in several successful systems in operation (Table 2) . Flooded underground workings possess a number of favourable attributes that make them attractive as underground thermal energy sources, including the following.
• Permeabilities are high and groundwater storage potential is relatively high, comparable with the best of natural aquifers.
• Temperatures are naturally stable year-round (typically a little above the local annual average air temperature).
• They often host extensive groundwater flow systems, which readily receive recharge from rainfall.
• In some cases, in situ oxidation of sulphide minerals can augment the heat available in the mine water.
• Often there is good hydraulic connectivity between relatively shallow mine workings and deeper, warmer workings, so that it is relatively common for pumping to enhance thermal convection, thus transferring warmer water to the shallow subsurface.
• There is no competition for use: unlike many groundwaters in natural aquifers, most mine waters are sufficiently mineralized that they are non-potable and are generally unattractive for most highvalue manufacturing purposes.
• Mine workings are near many urban areas (former mining towns), in which there is likely to be a substantial demand for space heating and cooling.
Notwithstanding these advantages, the development of mine water heat-pump systems has not proceeded as briskly as many originally hoped, mainly owing to concerns over clogging of pumps and heat pumps by ochre (ferric hydroxide). In addition, some of the more acidic or saline mine waters would prove corrosive to typical system components. Ochre clogging can be avoided by careful design of borehole and surface pipework to ensure complete isolation of the mine water from the atmosphere during heatpump operations ): in the absence of oxygen, ochre will not form. Where some oxygen ingress has already occurred before the mine water is pumped (which might well occur in mine shafts or adits), maintenance strategies can be devised to manage the ochre accumulation problems, involving de-scaling agents and/or the use of physical tools to dislodge precipitates (e.g. pigging pipes). Oxygen exclusion is also effective in the case of saline waters, although where these are already oxygenated it is possible to overcome the problem by specifying marine-grade heat pumps and pipework in the first place. For example, one of the UK's longest-standing open-loop ground-source heat-pump systems (at the HQ of Groundwork South Tyneside, in Hebburn) uses saline groundwater from Coal Measures sandstones above old mine workings, and has operated successfully with a marine-specification heat pump since 1996 (Banks 2012) .
Two less likely (and to date undocumented) potential pitfalls of using flooded mine workings for heat-pump operations are as follows.
(1) The risk of inducing a literal pitfall: formation of a surface crown-hole owing to collapse of old workings as a result of removal of buoyant support from void roofs as water levels drop, and/or erosion by water moving through roadways and fractures at high velocity. The same would of course apply to pollution prevention pumping, yet no examples of such induced crown-holes are reported from the numerous Coal Authority pumping operations in the UK. The risk can thus probably be dismissed for all but the shallowest of mine workings in the most unstable strata (2) The risk of inducing the release of hazardous mine gases, either by de-gassing from the mine water itself as it is brought to surface and exposed to lower pressures, or by lowering the water table and allowing previously trapped mine gases to move in the newly available headspace. De-gassing from the pumped water can be controlled by the same means as prevention of oxygenation ). Generally speaking, most shallow old workings are unlikely to emit explosive gases (methane-air mixtures) but are more likely to release deoxygenated air ('stythe'), control of which is readily achieved by ensuring good ventilation and following standard design practices to avoid the creation of dangerous confined spaces.
Hydrogeological contributions to other renewable energy technologies
Whereas hydrogeology has no obvious role in marine or solar renewables (other than indirectly in the mines that supply materials for them), it has a surprisingly important role in the field of onshore wind developments in high-latitude countries such as the UK. This relates to the potential for installation of upland wind farms to disturb the hydrology of peatland ecosystems (e.g. Waldron et al. 2009 ). These peatlands often overlie low-permeability strata (bedrock and/or drift deposits, notably glacial till) and as such have tended to be neglected by much of the hydrogeological profession. Nevertheless, it has long been realized that peatland hydrogeology is complex, and indeed fascinating, owing to the high degree of compressibility of the organic sediment matrix (Ingram 1983; Stunell & Younger 1995) . For instance, Brown & Ingram (1988) demonstrated that significant changes in groundwater storage within peats could be attributed to compaction effects that are not generally found in unconfined aquifers composed of solid minerals. As many peat bodies are rather thin, it is easy for road cuttings or similar trenches (e.g. for cable ducts) to partially or fully penetrate them, potentially leading to sustained dewatering of the deposit by continuing gravity drainage, either feeding open channel flow along roadsides, or moving through coarse-grained pipe-bedding fill material, which then functions like a French drain. This raises the possibility that peats might substantially dry out, oxidize, and begin to release the carbon they contain to the atmosphere as CO 2 , at accelerated rates compared with undisturbed conditions. Were this to occur as a result of installing roads and other infrastructure to service wind turbines, it would detract from the carbon emissions reductions that are their principal raison d'être. Thus there is now a significant driver for hydrogeological investigations of upland peat areas, although most classically trained hydrogeologists would need to play catch-up to contribute to these. Fortunately, specialist teams are already in the forefront of developing and applying new approaches to more accurately characterize the hydraulic conductivity and storativity of peatlands, taking their high compressibility fully into account. For instance, Holden & Burt (2003) found that application of piezometer test analysis methods that fully account for compressibility yield consistently smaller values of hydraulic conductivity than methods that assume a rigid porous medium, which had previously been (mis-) applied to peats. They also found that interstitial hydraulic conductivity of peat bodies varies considerably, although it does not change systematically with depth (as had been previously reported from elsewhere; e.g. Ingram 1983 ). However, the absolute values of hydraulic conductivity in the peat (c. 1 × 10 −4 to 1 × 10 −2 m day −1 ) were all very low in comparison with those of major aquifers (in which values in excess of 1 m day −1 are common; Younger 2007a). The interstitial hydraulic conductivity of peats is only part of the story, however: substantial, natural pseudo-karstic pipe systems have long been reported from upland peat terrains (e.g. Stunell & Younger 1995) , and these provide high-permeability drainage pathways through the otherwise low-permeability peat terrain. Recent field investigations (Smart et al. 2013) have shown that up to a quarter of the pipe systems in a given catchment flow perennially, representing the largest single component of total catchment outflow during periods of low flow (≤Q 90 ). The remaining threequarters of pipe systems become increasingly active during periods of rainfall (with a typical lag-time of 3 h from onset of rain to increased flow in the pipes), and over an entire year they can account for a significant proportion (13.7% in the catchment studied) of the total annual outflow from the catchment. All pipes tend to take longer to decline to base flow rates than the catchment as a whole, suggesting that they receive substantial contributions from the interstitial pore space in the surrounding peat during dry spells (Smart et al. 2013 ). These matrix-pipe interactions in natural peat catchments are instructive as regards the concerns over potential dewatering of peat as a result of wind turbine installations. The notion that deeply incised drainage features will lead to desiccation and oxidation of peat ought to apply to natural peatlands with pipes as well as to those disturbed by road construction, etc. Yet the hydrological behaviour of pipe systems during and after storms (Smart et al. 2013) shows that drainage from interstitial pore space into deeply incised pipes is perennial in many cases, and it does not lead to desiccation of the surrounding peat (Stunell & Younger 1995) . This is almost certainly because of the very low hydraulic conductivity of blanket peat (Holden & Burt 2003) , which ensures that the interstitial pore space drains very slowly, even with a free surface boundary condition imposed all along the edge of the peatland by an incised channel. In other words, peatlands are very difficult to dewater. This is consistent with the findings of chemical and isotopic studies of peatland drainage waters (e.g. Waldron et al. 2009 ), which have revealed that, although disturbed peatlands do release more dissolved and suspended organic carbon to downstream catchments than undisturbed ones, the scale of carbon loss is a lot more modest than was originally feared. However, as the site studied by Waldron et al. (2009) had only recently been disturbed, that finding may not transfer to sites subject to longer periods of disturbance. Thus further research is needed, on a wider range of sites and over longer time scales, to determine whether such conclusions are indeed generally valid for upland peat ecosystems affected by wind turbine developments. On the basis of the evidence to date, however, the unusual hydrogeology of peat seems to be rendering it rather resistant to wholesale dewatering by gravity drainage.
Hydrogeology and non-renewable lowcarbon energy developments Nuclear industry
Hydrogeology has long been central to various aspects of the nuclear industry, including mining and processing of uranium ores (e.g. Merkel & Hasche-Berger 2008), management of uranium mine wastes (e.g. Abdelouas 2006), site appraisal for nuclear power plant construction (e.g. Mercado 1989a,b) , and geological disposal of radioactive wastes (e.g. Chapman 2009 ). The hydrogeological community in the UK (and thus the author) have been most active in the last of these areas, and it is to that topic that the following comments are restricted. Since the 1970s, the issue of safe, long-term disposal of radioactive waste has had a chequered history. A recent, thorough review of the key issues surrounding deep geological disposal of radioactive waste has been provided by Chapman (2009) . In the public arena, much confusion has attended the topic, with little apparent awareness of the important distinctions between large-volume, low-level radioactive waste (much of which comes from hospital radiography departments, for instance) and the lesser volumes of intermediate-and high-level radioactive wastes. The lack of public understanding is expressed in sustained hostility to the very idea of emplacing radioactive waste underground, which is ironic, as it is far safer to have even a few metres of virtually any rock (let alone hundreds of metres of low-permeability rock) between a human being and a source of ionizing radiation than to have radioactive waste stored at the surface in close proximity to the open air. Yet that will remain the status quo until such time as the technical and political dimensions of the problem can be brought into convergence. Quite how difficult this will be to achieve is illustrated by the furore and denouement that attended the failed attempt by (the nowdefunct) Nirex to get planning permission for an underground 'rock characterization facility' (RCF) in Cumbria. After extensive site investigations, which included 29 deep boreholes and genuinely ground-breaking groundwater modelling studies concerning palaeo-hydrogeology (e.g. Heathcote & Michie 2004) , present-day flow systems (e.g. Chaplow 1996; Lunn et al. 1997) and predictions for future scenarios (e.g. Haszeldine & McKeown 1995; Thorne et al. 2000) , the Secretary of State for the Environment finally refused permission for construction of the RCF in March 1997 (Atherton & Poole 2001) . After a subsequent period of soul-searching and public opinion surveys, Nirex realized that lay people were simply not comfortable with the model for deep subsurface disposal of radioactive waste that they had been pursuing hitherto. Under that model, underground galleries excavated to receive the waste would be rapidly stowed with waste, grouted and abandoned. The lack of any provision for monitoring and retrievability repeatedly emerged as sources of public disquiet, prompting a fundamental rethink by Nirex. This led to an intensive period of a priori reasoning and literature review on the possible consequences of deferred repository back-filling, resulting in a report exploring the key challenges . With respect to hydrogeological aspects, much was learned by analogy to recent experiences in the hydrogeology of mine closure . It was clear that more attention needed to be paid to hydrogeochemical changes arising from disruption of the enclosing rock mass by underground excavation, and in particular to induced changes in near-void permeability, which govern both rates of groundwater inflow and the scope for partial drainage of fractures allowing penetration of oxygen from the ventilated voids back into the rock mass. This not only controls the volume of rock mass potentially subject to undesirable oxidation processes (such as pyrite weathering), but also governs the penetration of evaporation into the surrounding rocks. This is important because evaporative accumulation of halides, and/or (hydroxyl)sulphate salts can both reduce permeability by clogging fractures and further weaken the 'excavation damaged zone' (EDZ) adjoining the void walls. Departure of the pH of the groundwater in the EDZ from a circum-neutral state, to either acidic or alkaline extremes, can reduce rock mass strength by as much as 60% . In the longer term, eventual abandonment of previously ventilated voids can be expected to lead to an abrupt cessation of evaporite precipitation, with concomitant changes in de-gassing of incoming groundwaters as the ambient atmosphere in the voids equilibrates with the dissolved gas content of the incoming groundwaters. As water levels rise throughout the voids and any surrounding dewatered strata, the salts accumulated in the EDZ and the voids will dissolve, releasing large quantities of solutes to solution. Where the salts are hydroxysulphates, a sharp drop in pH can also be expected .
Cruachan underground repository analogue study
In the absence of an RCF, these concepts could not be tested in an area where deep geological disposal of radioactive waste was being actively considered; hence an analogue study was undertaken, using as its platform the underground tunnels and chambers of the Cruachan Pumped-Storage Hydroelectric Power Station (CPSHPS) [UK national grid reference NN 077 285] in the Scottish Highlands. The CPSHPS, constructed between 1961 and 1965 and still very much in active use today, was the world's first pumped-storage hydroelectric plant (Young & Falkiner 1966; Knill 1972) . The pumped storage concept, which has since been adopted in many countries, is a hydroelectric generation technology that profitably exploits the differential demands for (and therefore costs of) electricity at different times of day. During times of peak demand, water is released from a high-level reservoir and passed through highspeed turbines to a lower reservoir. In the middle of the night, when electricity demands and prices are at a minimum, the turbines are run in reverse, acting as pumps that lift water back to the upper reservoir, where it is stored until the next period of high demand. In the case of CPSHPS, the lower reservoir is Loch Awe (c. 40 m Ordnance Datum (OD)) and the upper reservoir is an artificial water body in a cirque known as Coire Cruachan, impounded behind a mass concrete gravity-arch dam (crest elevation c. 415 m OD). Apart from these two lakes, virtually all the remaining infrastructure at CPSHPS is located in underground chambers and tunnels excavated in plutonic and metamorphic rocks of generally low permeability (Young & Falkiner 1966; Knill 1972) . The penstock and tailrace tunnels are almost always filled with water, and are in any case pressure-grouted and shotcreted throughout to prevent any loss of water to the rock mass. The accessible core of the CPSHPS comprises a turbine hall (90 m long, 38 m high and 26 m wide) accessed via a 1 km long vehicle access tunnel 4 m high and 5 m wide, as well as three separate systems of aqueduct tunnels (totalling 14 km altogether) bringing water to the upper reservoir from distant surface catchments, into which they debouch through portals that lie at about 420 m OD. The turbine hall and tunnel are force-ventilated and maintained dry by means of pumping (albeit averaging only a few litres per second). The turbines act as a heat source, leading to steep gradients in heat and humidity towards the portal. In the vicinity of the underground installations the surface topography ranges from 40 m OD to about 1100 m at the highest summit of the Cruachan Beann (Ben Cruachan) mountain range, so that both the turbine hall-access tunnel complex and the higher aqueduct tunnels have up to 500 m of rock cover. Altogether, with the permission of the owners, around 16 linear kilometres of underground tunnels is potentially accessible for hydrogeological inspection in the CPSHPS, and the vast majority of these features display bare rock, with relatively few concrete-lined sections. The CPSHPS lies in an area of high rainfall (ranging from about 2000 mm per annum in the valley floor to more than 3000 mm on the summit of Cruachan Beann), with a mean annual air temperature of around 9 °C in the valley, declining to just below 0 °C on the summit of Cruachan Beann. The combination of high rainfall, low evapotranspiration (reflecting low air temperatures), and low soil and rock permeabilities ensures that the ground is visibly saturated virtually everywhere.
The geological sequence in the vicinity of the CPSHPS is dominated by two major lithologies: metasediments and granite. The former comprise laminated, interbedded phyllites and quartzites (metamorphosed to greenschist grade), interpreted as having accumulated under alternating tidal flat and low-energy marine shelf conditions. Of Neoproterozoic age (c. 600 Ma), these metasediments are assigned to the Craignish (= Ardrishaig) Phyllite Formation (Easdale Subgroup, Argyll Group, Dalradian Supergoup; Stephenson & Gould 1995) . At around 400 Ma (early Devonian), the Craignish Phyllite was intruded by a major composite pluton known as the Etive Granite. Most of the 'granite' in which the CPSHPS is developed is actually grey-white monzodiorite, bearing prominent plagioclase phenocrysts in a finer-grained quartz-feldspar-biotite groundmass. Local masses of pink monzogranites and syenogranites, referred to collectively as the Meall Odhar Granite (Stephenson & Gould 1995) , also occur in the eastern aqueduct tunnel. A scattering of felsic and mafic dykes is also obvious in the aqueduct tunnels, where they can be seen to cut both the granite and the phyllite.
Detailed hydrogeological investigations were undertaken at CPSHPS over a period of 3 years (Dudgeon 2005) , involving the following: lithological and structural mapping of surface outcrops and underground exposures in tunnels and chambers, including orientations of geological contacts and rock mass discontinuities; sampling and analyses of surface water sources and of groundwaters (and some exsolving gases) entering the underground voids; monitoring of atmospheric conditions within the turbine hall and access tunnels; drilling of narrow-bore mini-piezometers into the walls of tunnels to intersect groundwater that had not yet encountered the atmosphere within the voids (Fig. 6) ; quantifying groundwater inflow rates from specific fractures (using time/volume and thin plate weir methods); X-ray diffraction and chemical analyses of mineral precipitates from void walls and fracture-void intersection planes (for further details see Dudgeon 2005) .
It was found that the most prolific water-yielding fractures were those oriented subparallel to the current principal horizontal tectonic stress for this region (i.e. NNE-SSW; Heidbach et al. 2008) , affirming the current hydrogeomechanical exploration paradigm also being used for geothermal resources (see Olsson & Barton 2001; and see above) . Bulk water yields to the tunnels average around 5 × 10 −3 l −1 per linear metre. The groundwaters entering the CPSHPS are all lowly mineralized (conductivities 100-400 μS cm −1 ), with circumneutral pH and (except for waters immediately adjoining tunnel portals) devoid of dissolved organic carbon. Almost all waters are of Ca-HCO 3 or Ca-Na-HCO 3 facies, although seepage associated with the granite-phyllite contact zone within the main access tunnel is of Ca-Na-SO 4 facies, reflecting localized pyrite oxidation. Near the major heat source in this facility (the main turbine hall) no groundwater enters the voids in liquid form; it all evaporates to dryness as it meets the warm air in the facility, giving rise to accumulations of evaporite salts on the walls (Fig. 7) , which are predominantly thenardite (Na 2 SO 4 ) and gypsum (CaSO 4 .2H 2 O), with occasional potassium-rich aphthitalite (K 3 Na(SO 4 ) 2 ). (Although calcite flowstone and stalagmites are found locally, these are invariably associated with leaching of concrete structures.) Avoidance of salt damage to infrastructure during the long-term use of the void requires a continuing inspection and maintenance programme. After eventual abandonment of the void, abrupt dissolution of these salts could make the water highly aggressive towards most common grouts used in subsurface applications; pre-abandonment strategies of 'wash-down' for salt-affected walls therefore warrant consideration, at least for facilities that have been retained open for several decades.
Since the intensive period of hydrogeological research was completed at CPSHPS in 2005, it has been used for further nuclear industry research relating to the corrosion of austenitic steels under realistic repository-like conditions. The facility has immense potential for further investigations, which could well prove valuable as the post-Nirex jurisdiction of radioactive waste management in the UK advances its agenda (e.g. Chapman 2009 ). Since the demise of Nirex, the autonomous Committee on Radioactive Waste Management (CoRWM) deliberated at length on the key issues, finally aligning itself with the international consensus that safe interim storage leading to deep geological disposal is the preferred long-term solution (CoRWM 2006) , albeit with a far higher commitment to transparency and public engagement than had characterized Nirex activities prior to 1997. This includes a commitment to a concept of 'volunteerism' by local communities interested in hosting such a management facility. The Radioactive Waste Management Division (RWMD) of the Nuclear Decommissioning Authority (NDA) has now developed a detailed plan to deliver this strategy (NDA 2010) , although at the time of writing it is stalled, after Cumbria County Council rescinded its earlier expression of interest, effectively overruling one of the district councils that were still keen to progress as a volunteer community. Meanwhile, the debate about reversibility and retrievability in radioactive waste management continues to rumble on (OECD 2010), with shallow, retrievable storage remaining the present policy of the Scottish Government (2011), for instance. Research of the sort undertaken at CPSHPS now appears more relevant than ever.
Carbon capture and storage
There is widespread acceptance in professional circles that, in the absence of renewable energy sources that are both available at large-scale and on-demand (rather than just when the weather is appropriate), the shift to a low-carbon economy will inevitably involve continued reliance on fossil fuels for at least a few more decades. Were fossil fuels to be ditched immediately, as many campaigners demand, frequent energy black-outs would be the certain outcome, which no political administration of any colour would survive electorally. A worked example is Germany, which is often hailed as a paragon of low-carbon virtue in Europe, as it has some of the highest per capita installed capacities of wind and solar power. However, in 2011 Germany made two energy policy changes in the face of public protests: it ruled out unconventional gas exploration and (following the Fukushima incident) it announced that remaining nuclear power plants, which provide much of the country's baseload electricity, would be decommissioned faster than had previously been planned. As wind and solar installations prove incapable of meeting baseload and dispatchable electricity demands, and with gas prices being high owing to lack of indigenous supply, the government of Germany has decided that it will avoid power cuts by rapidly commissioning more lignite-burning power plants, the first of which (>2.2 GW) was recently commissioned near Köln (Nicola & Andresen 2012) . As lignite has a much lower calorific value than bituminous coal, it is characterized by significantly higher carbon emissions, and thus from a climate change mitigation perspective it is a far less desirable energy source than Westphalian coals, let alone than natural gas (conventional or unconventional) or nuclear energy. In these circumstances, the only hope of Germany protecting its reputation as a responsible 'green' country would be to implement carbon capture and storage (CCS) on its new lignite-fired power stations. Yet the only pilot-scale CCS project yet attempted by the German authorities was cancelled when the government failed to transpose EU CCS law into national legislation on a reasonable time scale, with legislators backing down in the face of vociferous Fig. 6 . Cluster of three mini-piezometers at chainage 860 m in the Bhuiridh (eastern) aqueduct tunnel at the Cruachan Pumped Storage Hydropower Station, drilled into granite and fitted with gas-tight taps (two of which were opened when the photograph was taken). The piezometers intersect a fracture some 0.2-0.3 m behind the tunnel wall, which yields groundwater that has not yet encountered the air in the tunnel.
opposition by pressure groups (European CCS Demonstration Project Network 2012). Controversy focused largely around subsurface injection of CO 2 : essentially hydrogeological arguments, which were characterized by a total lack of understanding of hydrogeology on the part of the protagonists. There is thus a pressing need for better communication of hydrogeological principles in these urgent public debates. This in turn requires that many more hydrogeologists become au fait with the technical issues, and step up to the challenge of public engagement.
The conceptual framework for moving towards deep geological storage of CO 2 has been under development for several years now (e.g. Baines & Worden 2004) , and the principal elements are already clear and widely accepted. A thorough summary of the state of the art and current consensus on deep geological storage of CO 2 has been provided by Smith et al. (2012) . Some critical points of hydrogeological relevance include the following.
(1) The need to inject at depths commensurate with maintenance of the CO 2 in its supercritical form. In that form, the CO 2 has the density of a liquid but the compressibility of a gas, which are necessary properties for storage at scale (Haszeldine 2009 ). In practical terms, this means searching for target aquifers deeper than about 650 m (or more if the CO 2 is not in pure form).
(2) The need for injected CO 2 to displace pre-existent groundwater in the target horizons, which raises the following issues: hydraulic continuity (i.e. does the displaced groundwater have somewhere to go (a so-called 'open system') or must it be subjected to greatly increased pressures in situ (a 'closed system')); CO 2 -brine miscibility (e.g. Mathias et al. 2011 ) dissolution-exsolution equilibria (e.g. Gilfillan et al. 2009 ); and mineralization of CO 2 (e.g. Golding et al. 2011) .
(3) The buoyancy of CO 2 : being less dense than water it will preferentially accumulate at the top of a receiving aquifer, 'pooling' below the confining aquitard above (Haszeldine 2009 ).
(4) The fact that pore entry pressures for CO 2 are significantly lower than those for H 2 O, which means that CO 2 might pass more easily into lower permeability strata than water would (e.g. Li et al. 2006; Li and Fan 2013) .
(5) The susceptibility of stored CO 2 to leakage via faults and similar fractures, even when these were previously regarded as having low-permeability fills (e.g. Shipton et al. 2004; Nelson et al. 2009 ).
Although still regarded as a nascent technology for purposes of CO 2 storage, deep subsurface injection of gases (including far more hazardous ones, such as highly explosive hydrogen) has been routine industrial practice for many decades already, even onshore and in densely populated areas, without major problems (e.g. Stone et al. 2009 ). Indeed, injection of CO 2 itself into deep strata has already been practised for many years for purposes of sour gas disposal and/or enhanced hydrocarbon recovery, at several localities both offshore (at Sleipner, in the Norwegian North Sea; Zweigel et al. 2004) and onshore (e.g. at In Salah (Algeria), where injection occurred from 2004 to 2011 without leakage to the surface (Mathieson et al. 2010) , and at Weyburn (Canada), where many advances in CCS monitoring technologies have been made (Riding & Rochelle 2009) .
Amongst the currently agreed criteria for acceptability of deep geological storage of CO 2 is that loss of CO 2 from the store should not exceed 1% over the next 10000 years (e.g. Haszeldine 2009 ). Demonstrating this is a major engineering and geoscientific challenge, although not unique, as we have already seen in the case of radioactive waste disposal (Toth 2011) . If any geological stores for CO 2 are to be licensed, predictions of their behaviour over such extended time scales will need to be made to sufficient standards of rigour and quantified uncertainty that regulators (and investors) can be genuinely convinced that they will prove to be effectively leak-proof. Studies of analogues (natural and anthropogenic) for future CO 2 stores have revealed that leakage is most likely to occur either via faults (e.g. Shipton et al. 2004) or via poorly designed or poorly completed boreholes (e.g. Miyazaki 2009).
CCS clearly has potential to reduce the emissions from the worst categories of power stations (i.e. those burning coal and oil), and if applied also to natural gas it has the potential to transform newly identified 'unconventional gas' reserves into low-carbon energy sources.
Unconventional gas
Conventional oil and gas exploitation has a long history of interaction with hydrogeology, much of it negative: salinization of aquifers from careless disposal of co-produced waters in the onshore fields of Texas and Oklahoma, for instance (e.g. Richter & Kreitler 1991) , or hydrocarbon pollution in urban areas owing to leaking underground (petroleum) storage tanks (LUST) (McLearn et al. 1988) . More recently, concerns have focused on the widely reported occurrence in groundwater of methyl tertiary butyl ether (MTBE), an anti-knocking agent that replaced lead in petroleum used as vehicle fuel (Chisala et al. 2007) . Although the hydrocarbon industry has gone a long way towards cleaning up its act in relation to such problems, this unalluring history is partly to blame for the hostility with which the new wave of unconventional oil and gas developments has been greeted in Europe. This is in a sense ironic, as the onshore hydrocarbons industry in Europe has been tiny in comparison with that in North America, with few documented instances of salinization and relatively few of rampant LUST and MTBE pollution. Nevertheless, a sustained diet of televised transatlantic experiences including Hollywood movies (such as the 2000 film Erin Brokovich) and the 2010 Deepwater Horizon (Gulf of Mexico) incident has reinforced in Europe the notion that the hydrocarbon industry is essentially synonymous with pollution.
Whereas over-pressured hydrocarbon reservoirs harbour the potential for catastrophic blow-out events, tightly bound gas in low-permeability strata has to be heavily coaxed to come to surface at all, so that the chances of uncontrolled pollution from unconventional gas operations is really rather modest. Yet there is no more controversial issue in modern Britain than the contention that exploitation of recently identified unconventional gas resources could lead to wholesale pollution of potable water aquifers. Never have the stakes for hydrogeological science, and its public understanding, been higher. Yet neither ever have the stakes been higher for decarbonization of our economy; and natural gas (unconventional or otherwise) is undoubtedly less carbon intensive than coal (which is, as we have seen, precisely what Germany is rushing to burn following its rejection of unconventional gas developments; Nicola & Andresen 2012). Hydrogeology's moment in the spotlight has come. The final few paragraphs of this paper outline the principal hydrogeological issues attending unconventional gas development, considering all major categories. The first category is rarely considered an 'unconventional gas', yet it is one in which hydrogeology has a key role.
Landfill gas
The production of methane within conventional municipal waste landfills has been recognized for more than four decades (e.g. Farquhar & Rovers 1973) , although for many years it was viewed primarily as an explosion hazard (e.g. Williams & Aitkenhead 1991) rather than an asset. As scientific investigation of landfill methanogenesis proceeded (e.g. Nastev et al. 2001) , and as appreciation grew that the potency of methane as a greenhouse gas far exceeds that of CO 2 (Gardner et al. 1993) , it was realized that landfill gas has significant potential as an energy resource (Jaramillo & Matthews 2005) . Control of groundwater (= leachate) levels within landfills plays a critical role in the optimization of methane production for purposes of electricity production, with best performance being achieved where an unsaturated zone of about 4 m thickness is maintained above the water table in the landfill (Rees 1980) . Hydrogeological criteria for landfill energy production therefore require careful management of surrounding groundwater to ensure optimal methane yields to on-site turbines.
Shale gas
No unconventional gas source has had more negative publicity in Europe in recent years than shale gas, despite the fact that there are no operating shale gas operations of any scale in the continent yet, and notwithstanding the overwhelmingly positive public attitude to the large-scale shale gas industry in the USA. Most controversy in Europe has focused on hydraulic fracturing, which is perceived by campaigners as a dangerously new technology, despite the fact that it has been in use for 50 years in the UK with an unblemished positive track record, not only in onshore conventional hydrocarbon development at, for instance, Wytch Farm in Dorset (e.g. Cocking et al. 1997) , but also in geothermal energy development in Cornwall (Downing & Gray 1986) and, most recently, improvement of the permeability of Precambrian strata in the Scottish Highlands to provide clean public groundwater supplies, replacing the highly coloured peaty surface waters previously supplied by Scottish Water (Cobbing & Ó Dochartaigh 2007) . Indeed, of more than 2000 onshore oil and gas wells in the UK to date, some 200 are reported by the Department of Energy and Climate Change as having already been 'fracked', with not a single reported incident of pollution, fugitive gas emissions or any other negative impact. In ignorance (culpable or otherwise) of these UK experiences, vociferous campaigners against 'fracking' draw on a sparse catalogue of poorly documented and largely unverified alleged cases of groundwater pollution in shale gas areas of the USA to portray hydraulic fracturing as intrinsically evil. The reality was investigated extensively at the request of the Government Chief Scientist by a joint panel of the Royal Society and Royal Academy of Engineering (on which the author served), which reported in June 2012 (Mair et al. 2012) . In essence, and in common with other independent studies (e.g. Stuart 2011; Ward 2012) , the joint panel concluded that hydraulic fracturing per se is extremely unlikely to lead to groundwater pollution (Mair et al. 2012) . In hydrogeological terms this is because: (1) induced fracture pathways will not extend as far as the base of freshwater aquifers hundreds of metres above (save, perhaps, in close proximity to critically stressed faults) (see Davies et al. 2012) ; (2) even if they did, the hydraulic gradient would direct groundwater flow towards the de-pressurized shale gas production zones, not upwards to the aquifers; (3) after abandonment, there is no reason why the hydraulically fractured zones should develop heads greater than those in the freshwater aquifers; and (4) even if they did, the permeabilities of the aquifers are orders of magnitudes greater than those of the most permeable hydraulically fractured zones in shales, so that only miniscule contributions of water to the major aquifer might result, which would probably prove undetectably small.
The fluids used in hydraulic fracturing are also often cited by campaigners as 'toxic'. It is understandable that conspiracy theories have arisen around this topic, given the self-defeating lobbying by the industry in the USA, which led to the exemption of shale gas operations from generic environmental reporting regulations: this gives the impression that there is something to hide. In reality, there is nothing in contemporary hydraulic fracturing fluids (Mair et al. 2012 ) that has not been used for many decades in the development of potable water abstraction boreholes (e.g. Clark 1988 ). Of course, any borehole drilling operation (as with any civil engineering operation) has the potential to breach environmental regulations if fuel or other liquids are mishandled on site (Stuart 2011) ; but this is already well controlled by existing regulations (Mair et al. 2012) . Similarly, poor casing and grouting can lead to undesirable interaquifer flows (Ward 2012) , although again this is in no way unique to shale gas developments. The unconventional gas industry has a huge vested interest in borehole integrity in any case, as the safety of their workforce and capture of their product depend on it. Stringent operating procedures are already in place to ensure that grouting takes place to high design pressures, to ensure that blowout preventers and eventual welltop valves are capable of containing any build-up of gas within the casing.
Induced seismicity is not only an inevitable, but also a desirable companion of hydraulic fracturing operations: if no shear deformation occurs (which cannot happen without producing some seismic signal) then no permeability will be created. Indeed, the industry carefully monitors micro-seismic signals during periods of hydraulic fracturing, as these accurately reveal where dilation of fractures in the shale has occurred. It is precisely these data that allow unequivocal appraisal of how far hydro-fractures have propagated towards overlying aquifers (Fig. 8) , allowing categorical assessments to be made of whether or not permeability enhancement has extended into any sensitive areas. As shown in Figure 8 , the vast database of hydraulic fracturing of gas shales deep beneath freshwater aquifers displays not a single instance of the induced fractures extending as far as a freshwater body (see Fisher & Warpinski 2012) .
It is unfortunate that the first shale gas well in the UK to be hydraulically fractured (at Preese Hall, Lancashire) happened to be close to a previously unknown minor fault that was critically stressed and ready to slip. Indeed, in all the tens of thousands of shale gas fracturing operations in the USA to date, no similar fault reactivation has been reported. One could argue that more predevelopment investigation should have been undertaken at Preese Hall. Nevertheless, the resultant tremors were barely perceptible without instrumentation, caused no damage, and were much smaller than those with which inhabitants of coal mining regions have lived for centuries (Mair et al. 2012; Davies et al. 2013) . If any non-damaging vibrations whatsoever are to be deemed publicly unacceptable, the future for UK public bus services, heavy goods vehicle transport and air services must also be bleak.
Besides hydraulic fracturing, which generally requires importation of water, shale gas production always requires back-pumping of the injectate, which will typically be admixed with native groundwater from the fractured shale zones. In most cases, the quantities of native groundwater involved are small, as little continuing flow is induced from the unfractured shales beyond the reach of the hydraulic fractures. Some methane may be entrained in back-pumped waters, and this may be de-gassed to the atmosphere if not contained; however, given the kinetics of methane dissolution and exsolution, the quantities are not anticipated to be significant in most circumstances.
The likelihood that the UK has significant shale gas resources has been under discussion for some time (see Selley 2005) . The most recent resource estimates (Andrews 2013) suggest that the resources may be sufficient to ease the UK's transition from largely coal-fired baseload and dispatchable generation to lower-carbon natural gas. Given the limited scope for further hydro pumped storage, and the technical and economic limitations of large-scale battery storage systems, then even with maximum penetration of wind, solar, wave and tidal power into the national electricity mix, there will remain a major irreducible requirement for dispatchable sources of generation to 'plug the gaps' when renewable power generation lulls. For the foreseeable future, no such dispatchable sources of sufficient scale are renewable. Of all the options available, specialists at the National Grid contend that the lowest carbon option is natural gas (Lawton 2012) . However, unless the hydrogeological realities can be successfully communicated to an increasingly sceptical public, there is a serious risk that the UK will fail to take advantage of the potentially significant bridge to a lowcarbon future that unconventional sources of gas offer us.
Abandoned coal mine methane
The rationale for exploiting abandoned coal mine methane corresponds closely to that for landfill gas: it is far better to combust methane to produce energy (even though this releases CO 2 ) than to allow the methane to escape to the atmosphere, where it is a far more potent greenhouse gas than carbon dioxide. Capturing and using abandoned coal mine methane involves both shaft-cap off-takes at former colliery sites and purpose-drilled boreholes, whence methane is diverted to small gas turbine units to produce electricity, which is then fed into the National Grid (Jardine et al. 2009 ). Hydrogeological considerations arise from the negative correlation between presence of mine water and yield of methane: flooded mine workings cease to yield appreciable methane. Hence abandoned mine methane capture is a strictly supra-water table activity. To date, mine water rebound has been viewed as essentially an independent, inexorable 'show-stopper' for abandoned coal mine methane exploitation systems: the gas may be captured and burned only until the process of water table rise in the deep coal workings (see Younger 1993 ) drowns out the gasyielding zones. Thereafter, that gas production point is simply abandoned. A certain amount of consolation may be gained by the observation that rising water tables in old workings tend to increase pressure on gas above, sometimes accelerating gas emissions temporarily, before stifling them altogether upon final submergence.
In certain settings, however, synergies between different motivations for mine water pumping could make it possible to extend the life of abandoned coal mine methane operations beyond those that would apply if rebound is left to take its natural course. As was noted above in relation to mine water heat-pump systems, the UK Coal Authority currently pumps around 3 m 3 s −1 from abandoned coal mines in the UK for environmental protection purposes (Coal Authority 2010). In several circumstances, the precise level of drawdown achieved by such pumping could be chosen to simultaneously satisfy the environmental protection needs, maximize the temperature of the pumped water (deeper waters being warmer), so that it can be utilized more efficiently in a heat-pump system, and prolong the period of abandoned coal mine methane utilization nearby. There are a number of locations in the English Midlands where such a convergence of interests seems distinctly possible.
Coalbed methane
Intact coal seams, including many that simply lie too deep to have ever been exploited by conventional mining, also offer natural gas resources. In this case, the exploitation strategy is thoroughly hydrogeological: boreholes are drilled to the roof of the target coal seam, and all overlying strata are then cased and grouted off. The borehole is then continued through the seam, and extended a short distance below the seam floor to create a drainage sump. The depth at which hydraulic fracturing was stimulated (sorted by depth for ease of reference) is given by the yellow line, while the red spikes represent the vertical extent of fracture growth (which is accurately known from micro-seismic monitoring). It is obvious that none of the induced fractures come even close to connecting with the overlying freshwater aquifers. (From Mair et al. 2012 , with permission of the Royal Society and Royal Academy of Engineering, adapted after Fisher & Warpinski 2012.) Groundwater from the seam is then pumped until the head level in the coal drops sufficiently to begin inducing unsaturated conditions in the seam, at which point any methane adsorbed on the cleat of the coal will begin to desorb and migrate to the borehole. The presence of a sump means that the entire thickness of coal can be unsaturated around each borehole in this manner. In most modern operations, directional in-seam drilling is used (a similar concept to traditional Ranney Collector Wells in alluvial aquifers) to greatly extend the volume of coal that becomes unsaturated and thus begins to yield up its gas. This method clearly works best where the coal seam is not bounded above and below by aquifers; indeed, ingress of water from over-or under-lying strata can kill a coalbed methane (CBM) production well. As such, productive CBM wells generally yield only modest quantities of water, given the generally low permeability of most coal seams. In some cases, hydraulic fracturing is used to enhance the cleat permeability of the coal seams, although in such cases care has to be taken to avoid inducing fractures in the roof strata that extend as far as the next sandstone in the cyclothem, as ingress of water from such a sandstone could be counter-productive. Unsurprisingly, given these operational imperatives, a study by the US EPA (2004) into alleged cases of aquifer pollution ascribed to hydraulic fracturing in CBM operations concluded that 'although thousands of CBM wells are fractured annually, EPA did not find confirmed evidence that drinking water wells have been contaminated by hydraulic fracturing fluid injection into CBM wells'.
In addition to physical stimulation of permeability, methane yield from CBM wells can also be enhanced by injecting CO 2 into the seam via another well, as CO 2 preferentially sorbs to the coal surface, displacing further methane in the process. This approach is termed 'enhanced coalbed methane'. CBM operations therefore depend on many factors on which hydrogeologists are particularly well placed to advise. Although CBM operations typically produce only modest quantities of water, this is often fairly mineralized, with elevated iron and hardness, rather similar to many deep-strata mine waters (see Younger 1998) . These waters will often require some treatment prior to surface disposal or subsurface reinjection (Clarke 1996) , although the techniques for doing so are now well established following the last two decades of mine water remediation research .
Underground coal gasification
Whereas CBM recovers the pre-existing methane sorbed on the cleat of coal seams, underground coal gasification (UCG) goes one step further and turns the coal itself into a gas stream, typically comprising a mixture of hydrogen, carbon monoxide, methane and some carbon dioxide. As the last has no calorific value, operating parameters for UCG are generally skewed to favour an optimal blend of the first three gases. The gas produced by UCG typically has as much as 80% of the total calorific value of the original solid coal. The cocktail of useful gases is usually termed 'synthesis gas' (or 'syngas' for short), albeit this is a rather loose application of a term that more strictly refers to a mixture just of hydrogen and carbon monoxide, without any methane. Syngas is not only useful for power production; where available in proximity to existing chemical industry facilities, it is even more valuable as a process feedstock.
In contrast to shale gas and CBM operations, UCG does not involve any pumping of water, although steam is often mixed with oxygen prior to injection to a deep coal seam via an injection borehole. This injectate gas stream reacts briskly with the coal, partially oxidizing it to produce the desired syngas. A number of recent papers have described the UCG process in further detail (e.g. Younger et al. , 2011 , so it is not explained further here. Despite the lack of groundwater pumping in UCG, it is not devoid of hydrogeological challenges (Younger 2011) . In essence, these relate to: (1) the need to ensure borehole integrity, so that surrounding aquifers are not invaded by syngas (which is certainly an objective that well operators and environmental regulators hold in common, as lost syngas is of no value to anyone); (2) the requirement to demonstrate from first principles that the processes of void collapse and fracturing that will inevitably follow the removal of coal by any means will not lead to the development of short-circuiting pathways to shallow freshwater aquifers or surface water bodies.
The starting point for such evaluations to date has been to invoke well construction and completion practices from the geothermal sector, which is accustomed to ensuring well integrity for high-temperature gases (e.g. Finger & Blankenship 2010) , and applying the decades of geomechanical learning from total extraction mining beneath aquifers and the sea-bed to ensure that fractures induced by void collapse do not connect hydraulically to freshwater bodies near the surface (see Orchard 1975; Garritty 1982) . On this basis, Younger (2011) developed guidance on environmental (largely hydrogeological) risk assessment for UCG projects, and for projects in which the porosity produced by UCG is subsequently utilized as a long-term storage zone for CO 2 . The findings of these preliminary investigations are highly encouraging for the development of UCG with CCS as a low-carbon source of syngas for industrial feedstock and power generation. If the current furore over other forms of unconventional gas is anything to go by, however, a substantial public engagement effort will be needed to gain and maintain the social licence to operate.
Conclusion
The nascent low-carbon economy is already proving to be fertile territory for the transfer of hydrogeological skills to address novel challenges. As the examples highlighted in this paper show, the full range of hydrogeological skills is going to be needed, from fundamental hydrostratigraphy and aquifer parameter determinations, through hydrogeochemistry, to modelling and interpretation. In the early stages, at least, of the extension of hydrogeology into the low-carbon industries, practitioners are going to have to be adept also at explaining groundwater science to the public. Recent polemics around shale gas 'fracking' reveal the depths of ignorance about groundwater and subsurface engineering, even amongst otherwise well-educated people. This is not, perhaps, especially surprising, given that hydrogeology has been overwhelmingly taught only as a postgraduate specialism until now, and almost exclusively to students from geoscience and civil engineering backgrounds. The time has clearly come for hydrogeologists to redouble our efforts at promoting public understanding of our science; if we fail to do so, there is every possibility that major contributions to the attainment of a sustainable low-carbon economy will fall by the wayside for no good reason.
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